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STIMULATION OF CARDIOVASCULAR ADAPTABILITY 
D U R I N G  PROLOTJGED SPACE EXPOSURE 
by f;arry A. Gorman* 
P r i n c i p a l  I n v e s t i g a t o r  
PROBLEM 
A s t r o n a u t s  r e t u r n i n g  t o  e a r t h ' s  g r a v i t y  a f t e r  long  exposure  
t o  w e i g h t l e s s n e s s  have exper ienced  c i r c u l a t o r y  problems i n c l u d i n g  
o r t h o s  t a t i c  h y p o t e n s i o n ,  t a c h y c a r d i a ,  r e d u c t i o n  i n  b lood  volume, 
lowered c a r d i o v a s c u l a r  r e f l e x  r e s p o n s e  t o  s h i f t s  of b l o o d  t o  t h e  
e x t r e m i t i e s ,  and syncope o r  f a i n t i n g .  These same problems a r e  
s h a r e d  by p a t i e n t s  w i t h  long bed conf inement  when t h e y  a r e  
sudden ly  s u b j e c t e d  t o  a  s t a n d i n g  u p r i g h t  p o s i t i o n .  
The c a u s e s  of t h e s e  c o n d i t i o n s  a r e  complex, b u t  i n  g e n e r a l  
t h e y  deve lop  as a  r e s u l t  of c a r d i o v a s c u l a r  d e c o n d i t i o n i n g  due t o  
reduced f u n c t i o n a l  r equ i rements  of t h e  c i r c u l a t o r y  sys tem.  
Development of a  new techn ique  f o r  s t i m u l a t i n g  t h e  
c a r d i o v a s c u l a r  sys tem of sub-human p r i m a t e s  i s  t h e  o b j e c t  of t h i s  
r e s e a r c h .  The r e s u l t s  may be e x t r a p o l a t e d  t o  man under  c o n d i t i o n s  
s i m i l a r  t o  t h o s e  of  t h e  p r i m a t e s .  
* P r o f e s s o r  of  V e t e r i n a r y  C l i n i c s  and Surgery  
~ u r g i  c a l  Labora to ry  
Colorado S t a t e  U n i v e r s i t y  
F o r t  C o l l i n s ,  Colorado 80521 
I n t e r m i t t e n t  venous p o o l i n g  of b l o o d  i n  t h e  d i s t e n d e d  lower 
v e s s e l s ,  t r i g g e r s  and s t i m u l a t e s  t h e  v a s c u l a r  r e f l e x  mechanisms of 
t h e  c a r d i o v a s c u l a r  sys tem and can have s i q n i f  i c a n t  b e n e f i t s  i n  
k e e p i n g  t h e  c i r c u l a t o r y  sys tem i n  t o p  performance t o n e .  
P u l s a t i l e  s l e e v e s ,  f i t t i n g  from t h e  s h o u l d e r  t o  t h e  w r i s t  on 
e a c h  arm and from t h e  upper t h i g h  t o  t h e  a n k l e  of  each  l e g  
p r o v i d e  a  s e q u e n t i a l  o c c l u d i n g  of  t h e  venous r e t u r n  a s  a  
" r i p p l i n g "  a c t i o n .  The s l e e v e s  a r e  a c t u a t e d  by compressed a i r  
through programmed v a l v e s  t o  d e l i v e r  from 40 t o  9 0  mm Hg. 
p r e s s u r e  a t  10 d e c l i n i n g  p o i n t s  a l o n g  each  arm and l e g .  The 
" r i p p l e "  e f f e c t ,  w h i l e  p o o l i n g  b l o o d  i n  t h e  e x t r e m i t i e s ,  i s  a  
s o o t h i n g  massage and q u i t e  a c c e p t a b l e  t o  t h e  r e c i p i e n t .  
The p o t e n t i a l  of t h e s e  d e v i c e s  a r e  e v a l u a t e d  by m o n i t o r i n q  
c a r d i o v a s c u l a r  r e s p o n s e s .  The s i g n i f i c a n c e  of  t h e  i n v e s t i g a t i o n  
i s  t h a t  it i s  d i r e c t l y  aimed a t  t h e  man i n  s p a c e  program, and 
a t  t h e  same t i m e  may prove t o  be  of r e a l  t h e r a p e u t i c  v a l u e  t o  
bed r i d d e n  p a t i e n t s  w i t h  c i r c u l a t o r y  d i s e a s e .  
RESEARCH 
A s  e s t a b l i s h e d  i n  p r e v i o u s  r e p o r t s ,  t h e  r e s e a r c h  of t h i s  
p r o j e c t  h a s  been d i v i d e d  i n t o  two p h a s e s .  The f i r s t  phase  
encompas s e d  t h e  d e s i g n ,  deve lopment, and f a b r i c a t i o n  of t h e  
s e q u e n t i a l  r i p p l e  s l e e v e  sys tem.  E i g h t  sub-human p r i m a t e s  were 
f i t t e d  w i t h  t h e  arm and l e g  s l e e v e s  and under l i g h t  t r a n q u i l i z a -  
t i o n ,  w e r e  s u b j e c t e d  t o  lower e x t r e m i t y  venous p o o l i n q .  
The p u l s a t o r  was modif ied  from i t s  o r i g i n a l  mechanica l  
o p e r a t i n g  mode t o  one o p e r a t e d  by s e q u e n t i a l  s e l i n o i d s .  A 
d e t a i l e d  d e s c r i p t i o n  of  t h e  e l e c t r o n i c s  was p r e s e n t e d  i n  t h e  
1968 a n n u a l  r e p o r t  and w i l l  be e l a b o r a t e d  on i n  t h e  f i n a l  
r e p o r t .  Numerous a l t e r a t i o n s  have  been made i n  t h e  s l e e v e  and 
s t i l l  more a r e  needed t o  e s t a b l i s h  a  good f i t t i n g  v e r s a t i l e  
c u f f i n g  f o r  t h e  " r i p p l i n g "  a c t i o n .  The l a t e s t  v e r s i o n  i s  
d i s p l a y e d  a s  ( F i g .  1) . 
Moni to r ing  of t h e  p h y s i o l o g i c  p a r a m e t e r s  of t h e  c a r d i o v a s c u l a r  
sys tem have ,  i n  p a r t ,  been d e s c r i b e d  i n  e a r l i e r  r e p o r t s .  
E l e c t r o c a r d i o g r a m s  c o n t i n u e  t o  be  t a k e n  by s k i n  n e e d l e  e l e c t r o d e s  
coup led  t o  an a m p l i f i e r  and t h e  s i g n a l s  a r e  r e c o r d e d  on a 
Sanborn h o t - s t y l u s  r e c o r d e r .  Leads I ,  11, 111, AVF, AVL, and 
AVR a r e  used  t o  moni tor  h e a r t  changes d u r i n g  t h e  venous p o o l i n g  
of b l o o d  i n  t h e  arms and l e g s .  
An i n d i r e c t  b lood  p r e s s u r e  measuring t e c h n i q u e  was 
modi f i ed  f o r  t a k i n g  b o t h  s y s t o l i c  and d i a s t o l i c  p r e s s u r e s  from 
t h e  v e n t r a l  c o r r y g e a l  a r t e r y  of t h e  t a i l  of t h e  p r i m a t e s  - t h u s  
f r e e i n g  t h e  arms and l e g s  f o r  t h e  r i p p l e  s l e e v e s  . ( F i g .  2&3) . 
I n  p r e v i o u s  r e p o r t s  t h e  t e c h n i q u e s  f o r  d e t e r m i n i n g  c a r d i a c  
o u t p u t  have been  d i s c u s s e d .  The use  of  r a d i o i s o t o p e s ,  a d m i n i s t e r e d  
i n t r a v e n o u s l y ,  t o  measure t h e  i o n i z i n g  r a d i a t i o n  e m i t t e d  d u r i n g  
ezch  c y c l e  of  t h e  h e a r t ,  was d i s c a r d e d  because  of r a d i a t i o n  
s c a t t e r  n u l i f y i n g  any c a l c u l a t i o n s .  E l e c t r o m a g n e t i c  f low mete r s  
( 1 2  mm. & 1 4  mm. dialill-eters) w e r e  purchased and a r e  t h e  
ins t ruments  employed f o r  c a r d i a c  ou tpu t  measurements. They a r e  
s u r g i c a l l y  implanted on t h e  ascending a o r t a ,  imrnedia t e l y  
a d j a c e n t  t o  t h e  h e a r t .  Measurements t aken  h e r e  can be 
c a l c u l a t e d  as t o t a l  ou tpu t  minus t h a t  sma l l  amount of blood 
supply ing  t h e  h e a r t  through the  coronary a r t e r i e s .  
DATA ACQUISITION 
Base l i n e s  f o r  each of t h e  parameters  l i s t e d  above a r e  
recorded i n  analog form and then  t h e  r i p p l e  s l e e v e s  a r e  p l aced  
on t h e  arms and l e g s  and t h e  system a c t i v a t e d .  Di f fe rences  i n  
parameter va lues  a r e  p l o t t e d  i n  d i g i t a l  form and a r e  t he  
b a s i s  of e v a l u a t i n g  the  amount of cha l lenge  the  a c t i v e  s l e e v e s  
have on pool ing  blood and consequently cha l l eng ing  o r  e x e r c i s i n g  
t h e  h e a r t  and g r e a t  v e s s e l s  of t h e  ca rd iovascu la r  system. 
Phase I1 
The second phase of t h e  s t u d i e s  conducted under t h i s  
p r o j e c t  i nc lude  t h e  r eve r se  a c t i o n  of t h e  r i p p l e  s l e e v e s  t h a t  
may prove t o  be a c i r c u l a t o r y  a s s i s t  dev ice .  The r i p p l i n a  
a c t i o n ,  from t h e  e x t r e m i t i e s  toward t h e  h e a r t  a c c e l e r a t e s  t he  
venous blood r e t u r n  t o  the  c e n t r a l  c i r c u l a t i o n  and dec reases  
t he  volume of blood i n  t he  e x t r e m i t i e s .  I n  cases  of 
thrornbophlebi t i s  , edema, o r  poor venous r e t u r n ,  t h i s  dev ice  
shows much p r o ~ i s e .  I t  appears t o  be n o t  only  a c i r c u l a t o r y  
a s s i s t  approsch b u t  i s  a phys i ca l  therapy  a p p l i c a t i o n  t o  a i d  t h e  
aged and those  w i t h  problems of poor c i r c u l a t o r y  r e t u r n .  
Fur ther  i n v e s t i g a t i o n s  w i l l  be conducted du r ing  t h e  
ensu ing  year  t o  e v a l u a t e  t h e  " p u l s a t i l e  s l e e v e "  a s  a  p r a c t i c a l  
method t o  s t i m u l a t e  t h e  ca rd iovascu la r  system t o  keep i t  i n  
t o p  performance. Fu r the r  work w i l l  be done on t h e  r e v e r s e  
a c t i o n  of t he  s l e e v e  t o  develop i t s  p o t e n t i a l  a s  a  p h y s i c a l  
therapy dev ice .  Optimum a p p l i c a t i o n  pe r iods  w i l l  be looked 
a t  a s  w e l l  a s  proper  p r e s s u r e  g r a d i e n t s  t o  be employed under 
each s e t  of cond i t i ons  war ran t ing  use of t he  dev ice .  Of s p e c i a l  
i n t e r e s t  and needing more s tudy  i s  the  development of a  b e t t e r  
s l e e v e .  I t  i s  hoped t h a t  a very convenient  y e t  e f f i c i e n t  
des ign  may be forthcoming t o  permi t  s imple  a p p l i c a t i o n  
accep tab le  t o  bo th  space and ground use ,  
F i g u r e  3. 




I N T O  THE PERFORMANCE 
OF A 20 cm HOLLOW CATHODE THRUSTER 
by Giuseppe Palurnbo, Pau l  Wilbur 
and Richard Vahrenkamp 
INTRODUCTION 
The 20 cm. hollow cathode mercury bombardment i o n  engine 
r ece ived  from t h e  J e t  Propuls ion Laboratory has  been s t u d i e d  
i n  t h e  vacuum f a c i l i t y  a t  Colorado S t a t e  Un ive r s i t y .  The 
r e sea rch  conducted has been concerned wi th  performance mapping 
and t h e  e v a l u a t i o n  of va r ious  means of improving t h r u s t e r  per -  
formance. The r e p o r t  which fol lows i n c l u d e s  t h e  r e s u l t s  of  (1) 
magnetic f i e l d  w i t h i n  t h e  cathode po le  p i ece ;  ( 2 )  hollow ca th-  
ode p r o p e l l a n t  flow r a t e ,  and ( 3 )  e f f e c t i v e  b a f f l e  a r e a .  I n  
a d d i t i o n ,  r e s u l t s  of an i n v e s t i g a t i o n  i n t o  t h e  v a r i a t i o n  of 
t h r u s t e r  performance wi th  l i f e t i m e  i s  inc luded .  
Magnetic F i e l d  Within Cathode Pole  P i ece  
S u b s t i t u t i o n  of t h e  hollow cathode f o r  t h e  oxide cathode 
i n  i o n  t h r u s t e r s  r e s u l t e d  i n  a s i g n i f i c a n t  i n c r e a s e  i n  d i s -  
1 
charge l o s s e s . "  ~ a s e k l  has suggested t h i s  i n c r e a s e  i s  due t o  
an ion  f l u x  t o  t h e  i n t e r i o r  w a l l s  of t h e  cathode po le  p i e c e ,  
which can occur  i n  t h e  hollow cathode con f igu ra t ion .  A mag- 
n e t i c  f i e l d  w i t h i n  t h e  cathode d i scharge  reg ion  ( i n s i d e  t h e  
9 
i n n e r  cathode po le  p i ece  w a l l )  was suggestedL a s  a means of 
reducing t h e s e  l o s s e s  by t h e  fol lowing mechanism: 
l ~ a s e k ,  T. O . ,  "Plasma P r o p e r t i e s  and Performance of Mercury 
Ion ~ h r u s t e r s ! ' ,  AIAA Paper No. 69-256, March 3-5, 1969. 
' ~ i c k e l s e n ,  W. R . ,  P r i v a t e  Communication, May, 1969. 
* 
I t  should be  po in ted  out,however, t h a t  cathode power i s  
n o t  inc luded  a s  a d i scharge  l o s s  when ox ide  cathode d a t a  
a r e  p re sen ted ,  whereas t h i s  i s  au toma t i ca l ly  inc luded  i n  
t h e  hollow cathode d a t a .  
1. The magnetic f i e l d  would cause  e l e c t r o n s  t o  
g y r a t e  around f i e l d  l i n e s ,  thereby  prevent inq  
t h e i r  migra t ion  t o  t h e  w a l l s .  
2 .  S ince i o n s  would no t  be  a f f e c t e d  s i g n i f i c a n t l y  
by t h e  magnetic f i e l d ,  t h e  w a l l s  of t h e  cathode 
d i scha rge  r eg ion  would become p o s i t i v e l y  charged,  
3. The p o s i t i v e l y  charged w a l l s  would r e p e l  t h e  
i on  w a l l  f l u x .  
The work on reduc ing  t h e  i o n  w a l l  f l u x  began w i t h  an 
a n a l y s i s  t o  determine t h e  magnetic f i e l d  r e q u i r e d  t o  impede 
3 
e l e c t r o n  migra t ion  t o  t h e  w a l l s .  King, e t  a l , ,  e v a l u a t i n g  
a hollow cathode t h r u s t e r  under cond i t i ons  s i m i l a r  t o  t h o s e  
e x i s t i n g  i n  t h e  t h r u s t e r  be ing  t e s t e d ,  s t a t e s  t h a t  t h e  poten- 
t i a l  drop from t h e  cathode t o  t h e  plasma w i t h i n  t h e  po le  p i e c e  
r eg ion  i s  about  1 0  v o l t s .  This  i s  t h e  p o t e n t i a l  through which 
e l e c t r o n s  from the  cathode a r e  a c c e l e r a t e d ,  w i t h i n  t h e  p o l e  
p i e c e  r eg ion ,  and it corresponds t o  an e l e c t r o n  v e l o c i t y  of 
6 1.88 x  1 0  m/sec. Using t h i s  v e l o c i t y ,  t h e  e l e c t r o n  gyro 
r a d i u s  can be  determined a s  a  func t ion  of magnetic f i e l d  from 
mV t h e  equa t ion  r = - (F igure  1). Since t h e  p o l e  p i e c e  d iameter  
eB 
i s  about 5 cm, and e l e c t r o n  gyro r ad ius  less than  1 cm i s  
needed, and F igure  1 shows t h i s  corresponds t o  a  magnetic 
f i e l d  between 1 0  and 1 0 0  gauss .  The c u r r e n t  (i) r e q u i r e d  
t o  produce a  magnetic f i e l d  (B) i n s i d e  a  s i n g l e  l a y e r  s o l e -  
noid  w i th  n  t u r n s  p e r  u n i t  l eng th  i s  given by: 
B i = --- 
l'on 
The c o i l  used i n  t h e  experiments was cons t ruc t ed  f r o m  
# l 4  copper w i r e  which could be  wound i n  a  s i n g l e  l a y e r  a s  
t i g h t  a s  4 2 0  turns/meter .  The c u r r e n t  g iven by t h e  above 
equa t ion  f o r  t h i s  t u r n  d e n s i t y  and t h e  t h e o r e t i c a l  power 
consumed by t h e  c o i l  a r e  a l s o  d i sp layed  on F igu re  1, 
3 ~ i n g ,  H.  J. Poeschel ,  R. L . ,  and Ward, J .  W., "24 KW 
Low S p e c i f i c  Impulse,  Hollow Cathode ,Mercury T h r u s t e r " ,  
AIAA Paper 69-300, March 3-5, 1969. 

F i g u r e  2 i s  a  photograph o f  t h e  c o i l  c o n s t r u c t e d  f o r  u s e  
i n  t h e  20  c m  J P L  t h r u s t e r  b e i n g  s t u d i e d ,  The s u p p o r t s  shown, 
which a l s o  s e r v e  a s  i n s u l a t o r s ,  a r e  made o f  boron n i t r i d e ,  
and t h e  m e t a l  s h i e l d  i n s i d e  o f  t h e  c o i l  i s  made o f  nonmagnetic  
s t a i n l e s s  s tee l  and i s  connec ted  s o  i t s  p o t e n t i a l  can be con- 
t r o l l e d  th rough  an e x t e r n a l  c i r c u i t  ( F i g u r e  3 ) .  The magnet 
c u r r e n t  i s  s u p p l i e d  through an e x t e r n a l  power supp ly  t o  t h e  
c o i l  and t h e n  t o  t h e  ca thode  p o l e  p i e c e  and back t o  t h e  power 
s u p p l y  th rough  t h e  ground l i n e .  ( F i g u r e  3 ) .  
HOLLOW CATHODE DISCHARGE 6iEGION S C H E m T P C  
F i g u r e  3 
With t h e  main megnet ic  f i e l d  o p e r a t i n g  a t  a c u r r e n t  o f  
1 . 5  amps and no c u r r e n t  f low th rough  t h e  c a t h o d e  f i e l d  c o i l ,  
t h e  magnet ic  f i e l d  p a t t e r n  shown i n  F i g u r e  4 was o b t a i n e d ,  
W e n  t h e  c a t h o d e  f i e l d  c o i l  c a r r y i n g  LO amps i n  such a d i rec-  
t i o n  a s  t o  a i d  t h e  main f i e l d  i n  t h e  ca thode  p o l e  p i e c e  was 
super imposed,  t h e  magnet ic  f i e l d  c o n f i g u r a t i o n  shown i n  F i q u r e  
5 w a s  o b t a i n e d .  The d a t a  o b t a i n e d  w i t h  t h i s  magne t i c  c o n f i g u r a -  
t i o n  w i t h  o r  w i t h o u t  t h e  b a f f l e  i n  p l a c e ,  showed a  u n i v e r s a l  
d e g r a d a t i o n  i n  performance ( i n c r e a s e  i n  d i s c h a r g e  l o s s e s )  w i 6 h  




F i g u r e  7 
With t h e  c u r r e n t  i n  t h e  catho63.e f i e l d  c o i l  f lowing i n  
such a  d i r e c t i o n  as  t o  oppose t h e  main magnetic f i e l d  i n  t h e  
cathod-e po le  p i e c e ,  t h e  f i e l d  l i n e  con f igu ra t ion  i n  F igu re  6 
was ob ta ined .  F igure  7 ,  which fo l lows ,  shows t h e  same con- 
f i g u r a t i o n ,  wi thout  t h e  b a f f l e  i n  p l a c e ,  t o  demonstra te  t h e  
minor e f f e c t  t h e  b a f f l e  has on f i e l d  l i n e  d i r e c t i o n s .  
Performance d a t a  ob ta ined  wi th  t h e  magnetic f i e l d  con- 
f i g u r a t i o n ,  a flow r a t e  of 5 . 3  gm/hr, t h e  cathode f i e l d  c o i l  
s h i e l d  removed from t h e  t h r u s t e r  and t h e  b a f f l e  l o c a t e d  f l u s h  
wi th  t h e  end of t h e  po le  p i e c e  i s  p re sen ted  i n  F igure  8. The 
d a t a  p re sen ted  shows t h e  e f f e c t  of  cathode magnetic f i e l d  on 
t h e  performance curves .  These curves  show the r educ t ion  of 
d i s cha rge  l o s s e s  i s  p a r t i c u l a r l y  s i g n i f i c a n t  a t  h igh u t i l i z a -  
t i o n s .  The d a t a  p o i n t  which d o e s n ' t  f i t  t h e  Ic = 5 amp curve 
appears  t o  be  i n  e r r o r  because of an i n c o r r e c t  beam c u r r e n t  
reading.  
F igure  9 shows t h e  v a r i a t i o n  of a r c  v o l t a g e  w i t h  t h e  
c u r r e n t  i n  t h e  cathode f i e l d  c o i l  f o r  va r ious  p r o p e l l a n t  
u t i l i z a t i o n s ,  The e f f e c t  of t h e  magnetic f i e l d  w i t h i n  t h e  
cathode d i scha rge  r eg ion  i s  t o  i n c r e a s e  t h e  a r c  v o l t a g e .  
King, e t  a13,  p o i n t s  o u t  t h a t  d i s cha rge  v o l t a g e  must l i e  
w i t h i n  a  r e l a t i v e l y  narrow range i f  optimum t h r u s t e r  p e r f o r -  
mance i s  t o  be r e a l i z e d .  F igures  8 and 9 t end  to confi rm 
t h i s  obse rva t ion .  The d i scha rge  l o s s e s  (F igu re  8 )  dec rease  
w i th  cathode magnetic f i e l d  i n t e n s i t y ,  and t h e  a r e  v o l t a g e  
i n c r e a s e s  w i t h  cathode f i e l d  c o i l  c u r r e n t  (F igure  9 ) ,  hence 
it may be t h a t  decreases  i n  d i scha rge  l o s s e s  can be l i n k e d  
d i r e c t l y  t o  i n c r e a s e s  i n  a r c  vo l t age .  
Discuss ion of  Resu l t s  
The d a t a  sugges t s  t h a t  t h e  a p p l i c a t i o n  of  a  cathode f i e l d  
opposing t h e  main f i e l d  r e s u l t e d  i n  a  dec rease  i n  d i scha rge  
l o s s e s  whereas t h e  a p p l i c a t i o n  of a  cathode f i e l d  a i d i n g  t h e  

f i g .  9 CAWOM F~ELD COIL CURREUT ( O W P I )  
main magnet ic  f i e l d  r e s u l t e d  i n  an i n c r e a s e  i n  d i s c h a r g e  l o s s e s .  
S i n c e  t h e  e l e c t r o n s  s h o u l d  g y r a t e  e q u a l l y  w e l l  r e g a r d l e s s  of t h e  
d i r e c t i o n  of  t h e  magne t i c  f i e l d ,  t h e  above o b s e r v a t i o n  i m p l i e s  
t h e  improvements i n  performance t h a t  w e r e  observed were due  to 
some e f f e c t  o t h e r  t h a n  c o n t r o l l i n g  i o n  c u r r e n t s  t o  t h e  i n t e r i o r  
o f  t h e  ca thode  p o l e  p i e c e  a s  proposed o r i g i n a l l y .  T h i s  deduc- 
t i o n  i s  s u p p o r t e d  by t h e  f a c t  t h a t  t h e  improved performance  
was observed when t h e  ca thode  f i e l d  c o i l  s h i e l d  had been re- 
moved s o  t h e  w a l l  s e e n  by t h e  i o n s  was e s s e n t i a l l y  a t  ground 
p o t e n t i a l .  
The magnet ic  f i e l d  c o n f i g u r a t i o n  which r e s u l t e d  i n  improved 
performance ( F i g u r e  6 )  i n c l u d e s  f i e l d  l i n e s  which a r e  l a r g e l y  
radial i n  d i r e c t i o n  i n s i d e  t h e  p o l e  p i e c e  i n  t h e  r e g i o n  o f  t h e  
b a f f l e .  Assuming e l e c t r o n s  emerging from t h e  ca thode  a r e  t i e d  
t o  f i e l d  l i n e s  i n  t h a t  r e g i o n ,  t h i s  s u g g e s t s  e l e c t r o n s  w i l l  
b e  e j e c t e d  i n t o  t h e  main d i s c h a r g e  r e g i o n  w i t h  a  r a d i a l  v e l o c i t y  
component t h a t  i s  l a r g e  compared t o  t h e  a x i a l  one.  I t  i s  
proposed t h a t  e l e c k r o n s  e j e c t e d  from t h e  ca thode  w i t h  a l a r g e l y  
r a d i a l  v e l o c i t y  a r e  more l i k e l y  t o  produce  i o n i z a t i o n s  t h a n  
t h o s e  e l e c t r o n s  which r e a c h  t h e  s c r e e n  and a r e  r e f l e c t e d  t o  a  
c o l l i s i o n  w i t h  a  t h r u s t e r  w a l l  w i t h i n  a  s h o r t  p e r i o d  of  t i m e  
because  of t h e i r  l a r g e r  a x i a l  v e l o c i t y .  
The r e s i s t a n c e  t o  e l e c t r o n  f low i n  t h e  r a d i a l  d i r e c t i o n  
i s  much g r e a t e r  t h a n  t o  a x i a l  e l e c t r o n  f l o w ,  and one would 
t h e r e f o r e  e x p e c t  t h a t  r o t a t i o n  of t h e  a v e r a g e  e l e c t r o n  v e l o -  
c i t y  v e c t o r  toward t h e  r a d i a l  d i r e c t i o n  would r e s u l t  i n  an  
i n c r e a s e  i n  t h e  d i s c h a r g e  impedance and hence  an i n c r e a s e  i n  
a r c  v o l t a g e .  T h i s  i s  indeed  observed a s  shown i n  F i g u r e  9 .  
Hollow Cathode F lowra te  S t u d i e s  
The p a r t i c l e  d e n s i t y  w i t h i n  t h e  p o l e  p i e c e  r e g i o n  h a s  
5 been found t o  g r e a t l y  a f f e c t  t h r u s t e r  per formance .  A h i g h  
d e n s i t y  o f  n e u t r a l s  t e n d s  t o  lower t h e  impedance i n  t h e  gap 
a r e a  between t h e  b a f f l e  and p o l e  p i e c e ,  t h b s ,  a f f e c t i n g  t h e  
d i s c h a r g e  v o l t a g e .  I n  o r d e r  t o  obse rve  t h e  p o s s i b l e  e f f e c t s ,  
a  s imple  exper iment  of v a r y i n g  t h e  ho l low ca thode  f low a t  





Main Flow 4 . 7  g/hr 





HOLLOW CATHODE FLOW RATE (g /h r )  
fig. 10 ~ f f ~ ~ t  of HC Flow on d i scharge  l o s s e s  and d i scha rge  vo l t age  
c o n f i g u r a t i o n  ( f l a t  b a f f l e )  , t h e  hollow cathode flow w a s  
v a r i e d  from about 2 . 3  g/hr t o  0 . 6 5  g /hr ,  The e f f e c t s  of t h e  
f l owra t e  on d i scharge  l o s s e s  and d i scharge  v o l t a g e  a t  80% 
u t i l i z a t i o n  a r e  shown i n  F igure  1 0 .  A s  can be  seen ,  t h e  d i s -  
charge v o l t a g e  i n c r e a s e s  wi th  dec reas ing  p a r t i c l e  d e n s i t y ,  
u n t i l  t h e  impedance i s  h ighe r  because of t h e  lower c o n d u c t i v i t y .  
The performance i s  b e t t e r  a t  t h e  lower f l o w r a t e s ,  sugges t ing  
t h a t  methods f o r  i n c r e a s i n g  d i scha rge  v o l t a g e  w i l l  reduce d i s -  
charge l o s s e s .  The adjustment of t h e  f l o w r a t e  i s  somewhat 
l i m i t e d ,  however, due t o  i n s t a b i l i t i e s  i n  t h e  d i scha rge  be- 
cause  of  t h e  low f lowra t e .  A d a t a  p o i n t  was a l s o  taken  a t  
a  somewhat lower main f l owra t e  i n  o r d e r  t o  determine t h e  
g e n e r a l  t r e n d  of t h e  curves a t  va r ious  main f lows.  
I t  i s  i n t e r e s t i n g  t o  no te  t h a t  i f  t h e  ev/ ion curve i s  
e x t r a p o l a t e d  t o  zero f l owra t e ,  t h e  l o s s e s  a r e  comparable 
w i th  t h e  l o s s e s  a t  80% u t i l i z a t i o n  f o r  t h e  ox ide  cathode 
t h r u s t e r .  This may i n d i c a t e  t h a t  t h e  i ons  produced i n  t h e  
hollow cathode reg ion  a r e  l o s t  due t o  w a l l  and b ~ f f l e  re- 
combination, whereas, a l l  t h e  i o n s  produced i n  an ox ide  ca th-  
ode d i scha rge  have a  much h i g h e r  p r o b a b i l i t y  of be ing  acce l -  
e r a t e d .  I t  must a l s o  be noted t h a t  i n  comparing t h e  l o s s e s  
f o r  t h e  two types  of cathodes ,  keeper power and main power 
were taken i n t o  account i n  t h e  case  of t h e  hollow ea thode ,  
whereas, only  main power was used i n  t h e  oxide cathode c a l -  
c u l a t i o n .  
f i g .  11 Conical  B a f f l e  Setup 
Movable Conical  Baff l e  S tud ie s  
I n  o r d e r  t o  s tudy  t h e  e f f e c t s  of S a f f l e  geometry and 
a p e r t u r e  a r e a  on t h e  performance of  t h e  t h r u s t e r ,  a  movable 
c o n i c a l  b a f f l e  was i n s t a l l e d  a s  shown i n  F igure  11. 
I t  has  been suggested t h a t  t h e  a p e r t u r e  a r e a  has  an 
e f f e c t  on t h e  d i scha rge  vo l t age  which must be  above approxi-  
5 
mately 3 0  v. f o r  improved t h r u s t e r  ope ra t ion .  I t  was a l s o  
be l i eved  t h a t  t h e  c o n i c a l  geometry would a l low more i o n s  t o  
e n t e r  t h e  main d i scha rge  r eg ion ,  r a t h e r  than  being con ta ined  
i n  t h e  p o l e  p i e c e  reg ion .  
A t  a  c o n s t a n t  f l owra t e  (hollow cathode and main) , and 
a  c o n s t a n t  magnet c u r r e n t ,  d a t a  was recorded f o r  va r ious  
b a f f l e  p o s i t i o n s .  The r e s u l t s  a r e  shown i n  Figure  1 2  where 
d i scha rge  l o s s e s  and d i scharge  v o l t a g e  a r e  p l o t t e d  f o r  v a r i o u s  
b a f f l e  p o s i t i o n s  a t  80% u t i l i z a t i o n .  A s  can be  s een ,  t h e  l o s s e s  
kncrease  w i t h  i n c r e a s i n g  gap a r e a ,  whi le  t h e  d i scha rge  v o l t a g e  
decreases .  Also, t h e  l o s s e s  decrease  most r a p i d l y  i n  t h e  
reg ion  from 30.5 v  t o  31 , s  v .  This  curve,  t h e r e f o r e ,  s u g g e s t s  
t h e  importance of t h e  d i scharge  v o l t a g e  on t h e  performance of  
t h e  t h r u s t e r .  
I n  o r d e r  t o  s tudy  t h e  e f f e c t  of  t h e  c o n i c a l  geometry, d a t a  
from Fig.  1 2  w a s  compared wi th  d a t a  from P i g o  11, By determining 
t h e  p o i n t s  on bo th  curves  where t h e  cond i t i ons  a r e  t h e  s a m e  i e ,  
main and hollow cathode f low, a p e r t u r e  a r e a ,  as w e l l  a s  u t i l i z a -  
t i o n  and magnet c u r r e n t ,  t h e  d i scha rge  vo l t ages  and d i s c h a r g e  
l o s s e s  could be compared. The f l a t  b a f f l e  c o n f i g u r a t i o n s  
i n c u r r e d  l o s s e s  of 310 ev/ion a t  a  v o l t a g e  of 26,7 v ,  wh i l e  
t h e  c o n i c a l  b a f f l e  i ncu r r ed  l o s s e s  of 326 ev/ ion a t  a  v o l t a g e  
of % 4 0  v. I n  t h e  l a t t e r  ca se ,  t h e  h ighe r  v o l t a g e  i s  b e l i e v e d  
t o  be  due t o  t h e  h igher  impedance due t o  t h e  l a r g e r  s u r f a c e  
a r e a  of t h e  cone. However, i n  t h i s  ca se ,  t h e  h ighe r  v o l t a g e  
d i d  n o t  improve t h r u s t e r  performance. More experiments are 
be ing  planned,  and it i s  hoped t h a t  more accu ra t e  and more 
conc lus ive  d a t a  can be obtained.  

I n  t h e  prev ious  pages t h e r e  i s  a  d e s c r i p t i o n  of  t h e  
e f f e c t s ,  on performance, of a  magnetic f i e l d  c o i l  i n  t h e  
cathode po le  p i e c e  and of  a  c o n i c a l  b a f f l e .  During t h e s e  
runs ,  it was noted t h a t  t h e r e  was a  s i g n i f i c a n t  d i f f e r e n c e  
i n  t h r u s t e r  performance between t h e s e  d a t a ,  a t  cathode f i e l d  
c u r r e n t  ze ro ,  ( 2  250 ev/ ion miminum) and prev ious  d a t a  t aken ,  
sy 
s e v e r a l  months ago, wi thout  t h e  cathode f i e l d  c o i l  and w i t h  
a  f l a t  b a f f l e  a t  t h e  end of t h e  cathode po le  p i e c e  ( 2  200 ev / ion  
- 
miminum). The inaccuracy of t h e  e a r l i e r  d a t a ,  due t o  poor 
meter c o l i b r a t i o n ,  was t o o  smal l  t o  account f o r  t h e s e  d i s -  
c repanc ies  and they  were a t t r i b u t e d  t o  l i f e t i m e  e f f e c t .  Before 
t h e  c o i l  w a s  taken o u t  from t h e  cathode r eg ion  and t h e  e a r l i e r  
condi t ion  reproduced i n  o r d e r  t o  check t h e  i d e a  of t ime e f f e c t  
on t h e  performance, t h e  meters  were c a l i b r a t e d  aga in ,  p o s s i b l e  
leakage c u r r e n t  e l imina t ed  by c lean ing  t h e  i n s u l a t o r s ,  c o n t r o l l i n g  
t h e  w i r ing  and t h e  measurements improved by us ing  a more adequate  
i n s t rumen ta t ion .  A f t e r  t h e  f a i l u r e  of t h e s e  a t t empt s ,  t h e  cathode 
f i e l d  c o i l  w a s  removed, t h e  f l a t  b a f f l e  w a s  r ep l aced  and t h e  
e a r l i e r  exper imental  cond i t i on  reproduced. The t o t a l  running 
pe r iod  of t h e  t h r u s t e r ,  f o r  t h e  c u r r e n t  sets of  d a t a ,  was 
approximately 90 hours  a t  d i f f e r e n t  main flow r a t e s  and mass 
u t i l i z a t i o n .  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  a r e  summarized 
i n  Fig.  15,  where two run a t  t h e  same exper imenta l  cond i t i on  
and 8 4  hours a p a r t  a r e  compared. The graph c l e a r l y  i n d i c a t e  
t h a t  t h e r e  i s  an apparen t  change i n  performance wi th  t i m e ,  
b u t  t h e  d a t a  a r e  n o t  enough t o  a t t r i b u t e  such a  d i f f e r e n c e  
t o  l i f e t i m e  only.  
CONCLUSION 
wi th in  t h e  range of ope ra t ion  i n v e s t i g a t e d  an i n c r e a s e  
i n  a r c  v o l t a g e  produced by (1) applying a  magnetic f i e l d  
wi th ink the  cathode po le  p i e c e  r eg ion ,  ( 2 )  reducing hollow 
c a t h o d e  p r o p e l l a n t  f  lowra- te ,  or ( 3 )  v a r y i n g  effective b a f f l e  
a r e a  h a s  been accompanied by a  r e d u c t i o n  i n  d i s c h a r g e  l o s s e s  
(improvement i n  p e r f o r m a n c e ) ,  It i s  b e l i e v e d  t h a t  t h i s  p e r -  
formance improvement i s  e f f e c t e d .  through t h e  i n c r e a s e  i n  
v o l t a g e  through t h e  f o l l o w i n g  mechanism: 
1. An i n c r e a s e  i n  a r c  v o l t a g e  r e s u l t s  i n  al-L in -  
c r e a s e d  e l e c t r o n  energy.  The e l e c t r o n  b e i n g  
a c c e l e r a t e d  p r i m a r i l y  i n  t h e  r e g i o n  between 
t h e  ca thode d i s c h a r g e  and t h e  main d - i scharqe  
where it i s  b e l i e v e d  t h e  i n c r e a s e  i n  a r c  voE- 
t a g e  i s  r e a l i z e d .  
c r o s s -  
s e c t i o n ,  
2 .  The h i g h e r  e l e c t r o n  energy cor responds  t o  a  
h i g h e r  i o n i z a t i o n  c r o s s  s e c t i o n  a s  shown below. 
F i g .  16-Mercury 
irs t I o n i z a t i o n  I o n i z a t i o n  
c r o s s - s e c t i o n s  
Energy,  e , v .  
v e r s u s  E l e c t r o n  
Energy 
3.  The h i g h e r  i o n i z a t i o n  c r o s s  s e c t i o n s  for e l e c -  
t r o n s  r e s u l t  i n  more e f f e c t i v e  u t i l i z a t i o n  of 
e l e c t r o n s  produced and hence lower d i s c h a r g e  
l o s s e s .  
Iri t h e  ca thode  magnet ic  f i e l d ,  ca thode  f l o w  r a t e  and d i f f e r e n t  
b a f f l e  c o n f i g u r a t i o n  c l e a r l y  i n d i c a t e d  t h e i r  e f f e c t  on &be 
performances ;  it i s  n o t  s o  f o r  t h e  l i f e t i m e  e f f e c t ,  
I t  i s  c l e a r  from t h e  d i s c u s s i o n  a l r e a d y  p r e s e n t e d  t h a t  
t h e  d i s c h a r g e  l o s s e s  appear  t o  i n c r e a s e  w i t h  l i f e t i m e ,  b u t  
t h e  r e a s o n  f o r  t h i s  d e g r a d a t i o n  i n  performance a r e  n o t  r e a l l y  
known a t  t h e  p r e s e n t  t i m e ,  

EXTINCTION O F  INFRARED RADIATION 
DUE TO ATMOSPHERIC HAZE 
by Yunn Pann and Wil l iam M a r l a t t  
SUMMARY 
There  a r e  s e r i o u s  l i m i t a t i o n s  t o  a c c u r a t e  e v a l u a t i o n  
o f  a i r c r a f t  and s a t e l l i t e  measurements of  t h e  upward f l u x  
of  i n f r a r e d  r a d i a t i o n  from t h e  e a r t h ' s  s u r f a c e .  T h i s  h a s  
been due t o  t h e  l a c k  o f  knowledge concern ing  t h e  v a l u e  of 
s u r f a c e  e m i s s i v i t y  and o f  t r a n s f e r  of  t h e  e m i t t e d  r a d i a t i o n  
through t h e  e a r t h ' s  atmosphere. The o v e r a l l  o b j e c t i v e  of 
t h i s  s t u d y  i s  t o  f u r t h e r  o u r  u n d e r s t a n d i n g  of t h e  i n f l u e n c e  
of  s u r f a c e  e m i s s i v i t y  and a tmospher ic  t r a n s m i s s i v i t y  on t h e  
upward f l u x  o f  i n f r a r e d  r a d i a t i o n .  Major emphasis  i s  p l a c e d  
on t h e  r o l e  o f  haze  e x t i n c t i o n  i n  t h e  8 - 1 4 ~  a tmospher ic  
t r a n s m i s s i o n  window. 
Over t h e  p a s t  s e v e r a l  y e a r s  a  number of  s t u d i e s  have 
been conducted  a t  CSU under t h e  o b j e c t i v e s  o f  t h i s  p r o j e c t  
i n  connec t ion  w i t h  o t h e r  NASA r e s e a r c h  programs. These 
s t u d i e s  i n c l u d e  measurement of a  number o f  v e r t i c a l  p r o f i l e s  
of  upward f l u x  of  8 - 1 4 ~  r a d i a t i o n  o v e r  v a r i o u s  n a t u r a l  s u r -  
f a c e s  and through d i f f e r e n t  a i r  masses.  I n  o b t a i n i n g  t h e s e  
p r o f i l e s  b o t h  a  model IT-2 and IT-3 r a d i o m e t e r  (Barnes En- 
g i n e e r i n g  Company) and a  5 Channel MRIR r a d i o m e t e r  loaned  t o  
Colorado S t a t e  U n i v e r s i t y  by t h e  NIMBUS p r o j e c t  o f f i c e  of 
NASA-GSFC w e r e  employed. 
The s p e c i f i c  o b j e c t i v e  o f  t h i s  r e p o r t ( t h r o u g h  September 1, 
1 9 6 9 )  i s  a  comparison of measured u p f l u x  w i t h  t h a t  computed 
from a  t h e o r e t i c a l  model of  a tmospher ic  r a d i a t i o n  t r a n s f e r ,  
The atmospheric t r ansmis s ion  window between t h e  wate r  
vapor band a t  1596 cm-l and t h e  carbon d iox ide  hand a t  6 6 7  
-1 
cm (commonly r e f e r r e d  t o  he re  a s  t h e  8-l4p window) has  
been used e x t e n s i v e l y  f o r  e s t i m a t i o n  of cloud t o p  and e a r t h  
s u r f a c e  temperatures  from both s a t e l l i t e  and a i r c r a f t - b o r n e  
senso r s .  The accuracy of t h e s e  e s t i m a t e s  has  been somewhat 
l i m i t e d  due t o  (1) s c a r c i t y  of in format ion  on s u r f a c e  emis- 
s i v i t y  and, ( 2 )  i n s u f f i c i e n t  c a p a b i l i t y  i n  e v a l u a t i o n  of t h e  
t r a n s f e r  of t h e  r a d i a t i o n  through t h e  e a r t h "  atmosphere. 
Because t h e  wings of t h e  continuum of both  of t h e s e  gases  
extend i n t o  t h i s  reg ion  (a long  wi th  absorp t ion  bands of 
s e v e r a l  minor gases )  t h e  8-14p window i s  nowhere completely 
t ransparent- -a l though t h e  gaseous absorp t ion  becomes ve ry  
smal l  between 10 and 11~.  A i r c r a f t  and ground measurements 
over  t h e  Pawnee Nat iona l  Grasslands i n d i c a t e d  t h a t  it i s  
almost  always necessary t o  c o r r e c t  r ad iome t r i c  measurements 
f o r  atmospheric a t t e n u a t i o n  (Mar l a t t  , 1967) . 
I n  a d d i t i o n  t o  t h e  c o r r e c t i o n  requirements  f o r  gaseous 
abso rp t ion ,  a  c o r r e c t i o n  f o r  t h e  e x t i n c t i o n  s f  t roposphe r i c  
a e r o s o l s  has been suggested by Roach and Goody (1958), 
Beirmendjian ( 1 9 6 0 ) ,  and M a r l a t t  (2. - c i t . ) .  Seve ra l  r a d i a -  
t i o n  p r o f i l e s  which were ob ta ined  i n  conjunc t ion  wi th  t h e  
TISIBS 7 and N I M B U S  II u n d e r f l i g h t s  were made i n  s i t u a t i o n s  
of moderate haze.  Other p r o f i l e s  were ob ta ined  under condi-  
t i o n s  of d r y ,  c l e a r  s k i e s .  These f l i g h t s  were chosen a s  
t e s t  cases  f o r  f u r t h e r  eva lua t ion  under t h e  p r e s e n t  p r o j e c t  
program. 
THE ATMOSPHERIC TRANSMISSION MODEL 
From quantum mechanics we know t h a t  when energy i s  
absorbed o r  emi t t ed ,  one of t h r e e  types  of t r a n s i t i o n s - -  
e l e c t r o n i c ,  a t o m i c ,  o r  molecular - -occurs ,  The a b s o r p t i o n  
o r  emiss ion  of a  d i s c r e t e  amount of  r a d i a t i o n  r e s u l t s  i n  
an a b s o r p t i o n  o r  e m i s s i o n  a long  s p e c t r a l  l i n e s  r a t h e r  than 
o v e r  b road  bands .  The cause  of  t h i s  phenomenon i s  t o  be 
found i n  t h e  e x t e r n a l  f i e l d s  t o  which t h e  atoms and mole- 
c u l e s  a r e  s u b j e c t e d  d u r i n g  t h e  p r o c e s s  of  r a d i a t i o n .  In t h e  
absence of s t r o n g  e l e c t v i c a l  o r  magnet ic  f i e l d s ,  the e x i s -  
t e n c e  of s p e c t z a i  l i n e s  of f i n i t e  w i d t h  i s  mainly  a r e s u l t  
of  3 e f f e c t s :  (1) t h e  d i s t u r b a n c e  due t o  c o l l i s i o n s  of 
molecules  of t h e  a b s o r b i n 9  s u b s t a n c e  w i t h  molecules  of  non- 
absorb ing  g a s e s ,  ( 2 )  t h e  d i s t u r b a n c e  due t o  t h e  m u t u a l  
c o l l i s i o n s  o f  molecules  of  t h e  a b s o r b i n g  s u b s t a n c e s  and,  
( 3 )  t h e  Doppler  e f f e c t  r e s u l t i n g  from t h e  t h e r m a l  motion 
o f  t h e  molecules  (Kondra t ' yev ,  1965) (Xunde, 1967) . 
P r o f i l e s  of  an emiss ion  l i n e  w e r e  e s t i m a t e d  b e  c o n s i d e r -  
i n g  t h e  e f f e c t  of c o l l i s i o n s  and Doppler  e f f e c t s  under  t h e  
assumption t h a t ,  i n  t h e  absorb ing  medium, t h e  p r e s s u r e  and 
t e m p e r a t u r e  remain c o n s t a n t  over  t h e  e n t i r e  beam ( K o n d r a t ' y e v ,  
9. e.). I n  t h e  a c t u a l  atmosphere t h i s  assumption i s  o n l y  
approximate i f  t h e  a tmospher ic  l a y e r s  a r e  t h i n  (pe rhaps  
10-25 m b ) .  Because of  t h e  compl ica ted  s t r u c t u r e  of  t h e  r e a l  
a b s o r p t i o n  bands o c c u r r i n g  i n  t h e  a tmosphere ,  t h e o r e t i c a l  
models can o n l y  be  a p p l i e d  u s i n g  a somewhat s i m p l i f i e d  
s t r u c t u r e .  
U n t i l  t h e  v e r y  r e c e n t  p a s t ,  a l l  t h e o r e t i c ! a l  rrtodels 
of t h e  s t r u c t u r e  of a b s o r p t i o n  bands may be p l a c e d  i n  one 
cf two c a t e g o r i e s .  The f i r s t ,  s u g g e s t e d  by E l s a s s e r  ( 1 9 4 2 )  
i s  c h a r a c t e r i z e d  by e q u i - d i s t a n t  l i n e s  o f  e q u a l  i n t e n s i t y ,  
The second,  o r i g i n a l l y  proposed by Goody (1952) assumes 
t h e  d i s t r i b u t i o n  of  b o t h  t h e  i n t e n s i t i e s  and p o s i t i o n s  o f  
i n d i v i d u a l  l i n e s  w i t h i n  bands a r e  n e a r l y  random, I n  t h i s  
second,  t h e  s t a t i s t i c a l  model, t h e  i n t e n s i t i e s  and p o s i t i o n s  
of  t h e  l i n e s  a r e  de termined by p r o b a b i l i t y  t h e o r y .  Only 
r e c e n t l y  has  any i n f o r m a t i o n  of  s i g n i f i c a n c e  concern ing  t h e  
e x a c t  p o s i t i o n  and i n t e n s i t y  of s p e c i f i c  l i n e s  f o r  s p e c i f i c  
g a s e s  become a v a i l a b l e .  These two models ,  w i t h  o r  w i t h o u t  
measurement d a t a ,  have been t h e  b a s i s  f o r  d e s c r i b i n g  t h e  
t r a n s n i s s i o n  of  r a d i a t i o n  through t h e  e a r t h ' s  atmosphere-  
I n  t h e  p a s t  few y e a r s ,  s e v e r a l  computer programs have 
been developed f o r  computation of r a d i a t i v e  energy t r a n s f e r  
through t h e  atmosphere. Manabe and N d l l e r  (1961) developed 
a  model t o  c a l c u l a t e  t h e  n e t  t e r r e s t r i a l  r a d i a t i o n  f o r  
i n d i v i d u a l  l a y e r s .  The i r  t r a n s m i s s i o n  model u s e s  a  uniform 
t r a n s m i s s i o n  f u n c t i o n  f o r  t h e  e n t i r e  i n f r a r e d  spectrum. 
Wark (1962) and Kunde (z. -c i t . )  each developed models which 
c a l c u l a t e  t h e  upward f l u x  o f  i n f r a r e d  r a d i a t i o n  a r r i v i n q  a t  
t h e  t o p  of t h e  atmosphere a t  s p e c i f i c  i n t e r v a l s  of t n e  
spectrum. Cox and Kuhn ( p e r s o n a l  communication) a1 s o  deve l -  
oped a  model of  t h i s  type .  Davis and Viezee (1964) deve l -  
oped a  model f o r  computing i n f r a r e d  t r a n s m i s s i o n  through t h e  
atmosphere (upward, downward, and n e t )  a c r o s s  t h e  i n f r a r e d  
p o r t i o n  of t h e  e l e c t r o m a g n e t i c  spectrum from 4 . 6 5 ~  t o  4 0 0 ~  
i n  25 wave number i n t e r v a l s .  Each of t h e s e  programs h a s  
been used t o  de termine  a  t h e o r e t i c a l  amount of  r a d i a n t  enerqy 
a r r i v i n g  a t  t h e  t o p  of  t h e  atmosphere f o r  comparison w i t h  
s a t e l l i t e  o b s e r v a t i o n s .  Only t h e  program of  Davis and Viezee ,  
however, p rov ides  t h e  t h e o r e t i c a l  o u t p u t  of up ,  down, and 
n e t  f l u x  a t  t h e  t o p  of each a tmospher ic  s l a b ,  En a d d i t i o n ,  
t h e i r  model i n c l u d e s  t h e  c a p a b i l i t y  f o r  v a r y i n g  t h e  s u r f a c e  
e m i s s i v i t y  and t h e  t r a n s m i s s i o n  ang le  and a l s o  i n c l u d e s  t h e  
s e m i - t r a n s p a r e n t  l a y e r s  above o r  below t h e  r e f e r e n c e  l e v e l ,  
Unfor tuna te ly  t h e  Davis-Viezee program was w r i t t e n  i n  
a  computer language BALGOL. Never the less ,  our  e v a l u a t i o n  
i n d i c a t e d  t h a t  t h e i r  program most c l o s e l y  f i t  t h e  needs of  
t h e  p r e s e n t  s t u d y .  T h e r e f o r e ,  t h e  Davis-Viezee computer 
program was t r a n s l a t e d  i n t o  F o r t r a n  f o r  use  on IBM and CDC 
computers.  T h e i r  t h e o r e t i c a l  model was then  used t o  e v a l u a t e  
t h e  a i r c r a f t  measurements of  upward r a d i a t i o n  f l u x .  
T r a n s l a t i o n  o f  t h e  Davis-Viezee computer program from 
BALGOL t o  F o r t r a n  was completed i n  e a r l y  1969. I t  had been 
hoped t h a t  t h e  a c t u a l  t r a n s l a t i o n  would he completed n e a r l y  a 
y e a r  e a r l i e r .  L i m i t a t i o n s  i n  funding Levels ,  however, p r e -  
s e n t e d  cont inuous  e f f o r t  on t h i s  program t r a n s l a t i o n .  
EVALUATION OF THE COMPUTER MODEL 
Before  any comparison of  t h e  i n f r a r e d  r a d i a t i o n  u p f l u x  
computa t ions  w i t h  measured v a l u e s  from t h e  a i r c r a f t  program 
cou ld  be  made, an e v a l u a t i o n  of  t h e  e f f e c t s  of  v a r i a t i o n s  in 
t h e  i n p u t  v a r i a b l e s  on t h e  program o u t p u t  was n e c e s s a r y .  
V a r i a b l e s  r e q u i r i n g  numer ica l  v a l u e s  i n c l u d e  s u r f a c e  tempera- 
t u r e ,  s u r f a c e  e m i s s i v i t y ,  a i r  p r o f i l e  tempera tu-re ,  a i r  pro-  
f i l e  humid i ty ,  t r a n s m i s s i v i t y  and r e f l e c t i v i t y  of  s e m i - t r a n s -  
p a r e n t  l a y e r s  and i n s t r u m e n t  view a n g l e s .  S i n c e  t r u e  v a l u e s  
of most of t h e s e  v a r i a b l e s  a r e  d i f f i c u l t  t o  a s c e r t a i n ,  i t  
becomes n e c e s s a r y  t o  e v a l u a t e  t h e  c o n t r i b u t i o n  of  each .  
E f f o r t s  d u r i n g  t h e  p e r i o d  January-August 1 9 6 9  have  been 
d i r e c t e d  toward t h i s  e v a l u a t i o n .  
I n  t h i s  phase  of  t h e  s t u d y ,  s e v e r a l  c a s e s  correspond-  
i n g  t o  TIROS 7 o v e r p a s s e s  o v e r  t h e  Pawnee N a t i o n a l  Grass-  
l a n d s  were used.  F l i g h t s  co r respond ing  to TIROS 7 o r b i t s  
number 1567, 2190, and 2263 w e r e  s e l e c t e d  a s  r e p r e s e n t a t i v e  
f o r  t h i s  purpose .  Most c a l c u l a t i o n s  w e r e  r e s t r i c t e d .  t o  a 
bandpass d e s c r i b e d  by t h e  t r a n s m i s s i o n  of  t h e  Barnes IT-3  
r ad iomete r  f i l t e r .  I n  a  few c a s e s ,  t o  d e s c r i b e  a  p a r t i c u l a r  
f e a t u r e  o t h e r  bandpasses  were used.  For  m o s t  c a s e s  t h e  view 
a n g l e  was assumed t o  be i n  t h e  v e r t i c a l ,  
F i g .  1 .  E f f e c t  o f  s u r f a c e  e m i s s i v i t y  o n  c a l c u l a t e d  r a d i a t i s r s  
u p f l u x .  E m i s s i v i t y  a = O . O O ,  b = 0 . 0 4 ,  e = O , Q 6 ,  
V a r i a t i o n s  i n  S u r f a c e  Parameters  
................................ 
Without q u e s t i o n  t h e  most s i g n i f i c a n t  f a c t o r s  a f f e c t i n g  
t h e  u p f l u x  of  i n f r a r e d  r a d i a t i o n  a r e  t h e  t empera tu re  and 
e m i s s i v i t y  o f  t h e  a c t i v e  s u r f a c e .  The t r u e  s u r f a c e  temp- 
e r a t u r e  i s  normally n o t  measured s i n c e  t h e  a c t i v e  s u r f a c e  
may be  one of many s u r f a c e s - - t r e e  c a n o p i e s ,  g r a s s  and o t h e r  
p l a n t s ,  b a r r e n  ground and w a t e r .  The d . i f f i c u l t y  o f  i n  s i t u  
measurements of  s u r f a c e  t empera tu re  has  been r e p o r t e d  e a r l i e r  
( M a r l a t t ,  2. c i t . ) .  For t h e  tes t  c a s e s  used i n  t h i s  eva lua -  
t i o n  bo th  measurements of i n  s i t u  t empera tu re  us ing  minia-  
t u r e  t h e r m i s t o r  beads and r a d i a t i v e  b1ackbod.y e f f e c t i v e  
t empera tu re  u s i n g  handheld r ad iomete r s  were used.  The 
r ad iomete r  t empera tu re  measurements included. t h e  e f f e c t  
of  s u r f a c e  e m i s s i v i t y .  
S ince  t h e  Davis-Viezee computer model inc luded  an 
e m i s s i v i t y  term i n  bo th  s u r f a c e  emiss ion  and i n  t h e  r e f l e c t e d  
downflux component i n  t h e  t o t a l  u p f l u x  v a l u e ,  i t  was p o s s i b l e  
t o  e v a l u a t e  t h e  t o t a l  e r r o r  c o n t r i b u t i o n  r e s u l t i n g  from er- 
r o r s  i n  s u r f a c e  e m i s s i v i t y  assumptions.  F i g u r e  1 shows t h e  
e f f e c t  of  s u r f a c e  e m i s s i v i t y  v a r i a t i o n s  on t h e  p r o f i l e  o f  
u p f l u x  r a d i a t i o n .  By ma in ta in ing  a  c o n s t a n t  s u r f a c e  temp- 
e r a t u r e  and a  c o n s t a n t  downflux r e a c h i n g  t h e  s u r f a c e ,  a  change 
of s u r f a c e  r e f l e c t i v i t y  dec reased  t h e  t o t a l  u p f l u x  a r r i v i n g  
a t  t h e  t o p  of t h e  atmosphere by an e q u i v a l e n t  of  0 . 5 - 0 . 9 ° ~ ,  
Comparable e f f e c t s  would be  e x ~ e c t e d  f o r  an e q u i v a l e n t  e r r o r  
i n  s u r f a c e  t empera tu re .  
V a r i a t i o n  i n  Atmospheric Parameters  
------------------ ---------------- 
For t h e  c a l c u l a t i o n  of r a d i a t i o n  t r a n s f e r  through t h e  
atmosphere,  mean l a y e r  v a l u e s  of a i r  t empera tu re  and s p e c i f i c  
humidi ty a r e  r e q u i r e d .  For  most i n s t a n c e s ,  v a l u e s  of  a i r  
t empera tu re  and wa te r  vapor  c o n t e n t  f o r  t h e  lowest. l a y e r s  
of t h e  atmosphere were o b t a i n e d  from t h e  a i r c r a f t  measure- 
ments. Above t h e  a i r c r a f t  f l i g h t  a l t i t u d e  i n p u t  d a t a  was 
o b t a i n e d  from t h e  n e a r e s t  rad iosonde  and above t h e  r ad iosonde  
a l t i t u d e ,  f rom t h e  U .  S. Standard  Atmosphere. I n p u t  v a r i a b l e s  
i n  t h e  computation of r a d i a t i o n  f l u x  i n c l u d e  a i r  t empera tu re ,  
wa te r  vapor  c o n t e n t  and ozone. Ozone was added t o  t h e  o r i g i n a l  
program as a  semi- t ransparent  l a y e r  wi th  t ransmiss ion  va lues  
according t o  t h e  U. S. Standard Atmosphere. 
Figure  2 shows t h e  e f f e c t  of a  5OC e r r o r  i n  a i r  temp- 
e r a t u r e  th roughtout  t h e  atmospheric p r o f i l e .  Since most 
humidity d a t a  i s  recorded a s  r e l a t i v e  humidity r a t h e r  t han  
s p e c i f i c  humidity,  e r r o r s  i n  measurements i n  a i r  temperature  
would r e s u l t  i n  even l a r g e r  e r r o r s  i n  humidity c a l c u l a t i o n s .  
Table I shows t h e  e f f e c t  of e r r o r s  i n  t h e  measurement of 
atmospheric wate r  vapor. 
I n  Table 1 s p e c i f i c  humidity "B" corresponds t o  humidity 
f o r  p r o f i l e s  a s soc i a t ed  wi th  TIROS 7 o r b i t  1 5 6 7 .  "A" i s  f o r  
t h e  same temperature  p r o f i l e ,  b u t  t h e  a  5% lower s p e c i f i c  
humidity and "C" i s  f o r  t h e  s a m e  temperature p r o f i l e  wi th  a  
5% g r e a t e r  s p e c i f i c  humidity. I t  i s  apparent  t h a t  t he se  5 %  
dev ia t ions  of s p e c i f i c  humidi t i es  f o r  a c o n t i n e n t a l  a i r  m a s s  
do n o t  m a t e r i a l l y  e f f e c t  upward f l u x e s  of r a d i a n t  energy i n  
t h e  8 - 1 4 ~  bandpass. 
TEMPERATURE ( O K )  
F i g .  2. E f f e c t  o f  a 5 %  v a r i a t i o n  i n  a i r  t e m p e r a t u r e  p r o f i l e  
on c a l c u l a t e d  r a d i a t i o n  u p f l u x ,  b i s  t r u e  v a l u e ,  
a = . 9 5 b ,  c = 1  . 0 5 b .  
E F F E C T  O F  A 5 %  D E V I A T I O N  E N  S P E C I F I C  
H U M I D I T Y  O N  R A D I A T I O N  UPFLUX 
Pressure  Spec i  f i  e Humidity A i  r 
Temp, 
S i n c e  ozone has  a  s t r o n g  a b s o r p t i o n  band n e a r  t h e  center 
of t h e  8 - 1 4 ~  bandpass,  it might  b e  expected  t h a t  t h i s  q a s  
would a f f e c t  t h e  c a l c u l a t i o n  of  r a d i a t i o n  upf lux .  S ince  t h e  
a i r c r a f t  measurements a r e  made w e l l  below t h e  ozone layer, 
ozone would a t  b e s t  be  a  second o r d e r  e f f e c t  through r e f l e c t e d  
downflux and t h u s  would be  r e l a t e d  only  through s u r f a c e  ernissi- 
v i t y .  For  e m i s s i v i t i e s  >0.95 c a l c u l a t i o n s  i n d i c a t e d  t h a t  up- 
f l u x  a t  t h e  s u r f a c e  i s  n o t  e f f e c t e d  whatsoever  by t h e  p resence  
o f  ozone i n  t h e  h igh  atmosphere. 
The p resence  of  c louds  o r  dense haze l a y e r s  has  a  marked 
e f f e c t  upon r a d i a t i o n  t r a n s f e r .  F igure  3 i l l u s t r a t e s  t h e  
p resence  of  a c loud l a y e r  a t  500  mb. I n  t h i s  example a  t r a n s -  
m i s s i v i t y  o f  0 . 0 1  and a r e f l e c t i v i t y  of  0 .00  i s  assumed, 
PROGRAM LIMITATIONS 
--- 
One s e r i o u s  l i m i t a t i o n  t o  t h e  program t e s t e d  i s  i l l u s t r a t e d  
i n  F igure  1. I t  may be seen  i n  t h i s  f i g u r e  t h a t  t h e  p r o f i l e s  o f  
u p f l u x  i n c r e a s e  w i t h  i n c r e a s i n g  a i r  tempera ture  n e a r  t h e  t o p  of 
t h e  atmosphere even though t h e  a i r  tempera ture  i s  v e r y  low and 
t h e  t r a n s m i s s i v i t y  i n  t h i s  r e g i o n  i s  ve ry  h igh .  The cause  f o r  
t h i s  u p f l u x  recurve  has  n o t  been determined a t  t h e  t i m e  of t h i s  
r e p o r t .  
A second program l i m i t a t i o n  concerns a  s e m i - t r a n s p a r e n t  
l a y e r .  The assumption t h a t  t h e  l a y e r  i s  o f  i n f i n i t e s i m a l  
t h i c k n e s s  i s  reasonable  provided t h a t  t h e  c l o s e s t  r e f e r e n c e  
l e v e l  f o r  f l u x  computation i s  e i t h e r  some d i s t a n c e  above o r  
below t h e  l e v e l  of  t h e  semi - t r ansparen t  l a y e r .  Th i s  i s  a 
l i m i t i n g  c o n t r o l  of  t h e  r e f e r e n c e  l e v e l s .  Furthermore,  s i n c e  
o n l y  one semi - t r ansparen t  l a y e r  i s  p e r m i t t e d  i n  t h e  program, 
it i s  imposs ib le  t o  make comparisons between measured and 
c a l c u l a t e d  f l u x e s  w i t h i n  a  haze  o r  cloud l a y e r ,  I t  a l s o  pro-  
h i b i t s  a  p o s s i b i l i t y  of making comparisons i n  an atmosphere 
w i t h  s e v e r a l  haze l a y e r s .  
A t h i r d  program l i m i t a t i o n  i s  t h e  r e l a t i v e  coarseness  of 
t r a n s m i s s i v i t y  i n  bandpasses of  25 wave number wid th .  The 
i n c l u s i o n  of new t r a n s m i s s i v i t y  d a t a  made a v a i l a b l e  s i n c e  t h i s  
program was f i r s t  w r i t t e n  would pe rmi t  r e d u c t i o n  of t h e  band- 
pass  c a l c u l a t i o n s  t o  5 wave numbers width.  
TEMPERATURE ("MI 
F i g .  3 ,  E f f e c t  o f  an i n f i n i t e l y  t h i n  s e m i t r a n s p a r e n t  l a y e r  
a t  500 m b ,  Assumed t r a n s m i s s i v i t y  o f  6 , O l  and  
r e f l e c t i v i t y  o f  0 .00 .  
DISCUSSIONS AND PLANS FOR FURTHER RESEARCH 
Before cont inuing t h e  a n a l y s i s ,  it i s  necessary t h a t  t h e  
eva lua t ion  r epo r t ed  he re  be  completed. ~ n a l y s i s  of r a d i a t i o n  
t r a n s f e r  f o r  seven f l i g h t s  over t h e  Pawnee Nat iona l  Grassland 
and two f l i g h t s  over t h e  P a c i f i c  Ocean w i l l  be computed and 
compared wi th  t h e  measured va lues .  Data i s  a v a i l a b l e  on t h e  
l e v e l  and concent ra t ion  of haze f o r  t he  oceanic  f l i g h t s .  I f  
a v a i l a b l e  Channel 2 d a t a  from NIMBUS I1 w i l l  be ob ta ined  f o r  
t h e  comparison over t h e  P a c i f i c  Ocean. Discussion wi th  Cox 
and Davis i n d i c a t e s  t h a t  new t r a n s f e r  models a r e  now a v a i l -  
ab l e .  I f  t he se  computer programs a r e  compatible wi th  our  
computer f a c i l i t i e s ,  t he  new Cox program w i l l  be t e s t e d  a s  
wel l .  
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